ABSTRACT: The benefits of synthetic fibrillar dry adhesives for temporary and reversible attachment to hard objects with smooth surfaces have been successfully demonstrated in previous studies. However, surface roughness induces a dramatic reduction in pull-off stresses and necessarily requires revised design concepts. Toward this aim, we introduce cylindrical two-phase single pillars, which are composed of a mechanically stiff stalk and a soft tip layer. Adhesion to smooth and rough substrates is shown to exceed that of conventional pillar structures. The adhesion characteristics can be tuned by varying the thickness of the soft tip layer, the ratio of the Young's moduli and the curvature of the interface between the two phases. For rough substrates, adhesion values similar to those obtained on smooth substrates were achieved. Our concept of composite pillars overcomes current practical limitations caused by surface roughness and opens up fields of application where roughness is omnipresent.
INTRODUCTION
Fibrillar dry adhesives attract much attention as they are instrumental for emerging technologies such as wall climbing robots 1 and novel gripping systems. 2, 3 In such applications, most real walls and objects exhibit surface roughness on different length scales. It is known that roughness strongly affects adhesion and, for example, limits the maximum lifting force. 4 Several studies were performed which examine the influence of surface roughness on adhesion as a function of the real contact area and elastic material properties. 5−7 An increase in roughness typically leads to a significant loss in contact area and larger distances over which the short-range intermolecular forces have to act. In addition, higher elastic strains typically occur in the contact zone, which also counteract adhesion. In order to improve adhesion, higher preloads and, in the case of viscoelastic materials, longer times in contact with the substrate can help as they tend to enlarge the contact area. 7, 8 An alternative approach to enhance adhesion to rough substrates are fibrillar adhesives. 9−13 Such structures are now well-known from sticky footpads found in nature: 14, 15 The fibrillar structures of adhesive organs, developed during evolution for instance in geckoes, make up soft and compliant surfaces which allow easy adaption to roughness at the expense of little strain energy. 16−19 The toe pads exhibit several hierarchical levels, with a stalk splicing into successively finer fibrils and, finally, spatula terminal elements. 20 Several groups have mimicked such hierarchically assembled structures in artificial designs, 21−24 but many unsolved questions remain:
introduction of hierarchy, for example, generally reduces the available contact area in synthetic adhesives and increases the propensity to elastic buckling. 25, 26 The ladybug provides another blueprint for the design of fibrillar adhesives. 27 In contrast to the gecko, its adhesive pad consists of cuticular fibrils without hierarchy, but each fibril possesses an axial gradient of Young's modulus. Experiments using nanoindentation have demonstrated that the Young's modulus decreases by 3 orders of magnitude from the stalk to the tip. 27 A numerical study revealed that such a material gradient can also prevent clustering of an array of fibrils, especially for fibrils with high aspect ratio coming into contact with rough substrates. 28 Similar effects were observed in smooth adhesive pads of other insects. 29 Recently, first experimental and numerical studies have been performed for fibrils with axial variations of the Young's modulus adhering to smooth surfaces. 30 It was found that very thin soft tip layers promise the best adhesion enhancements for smooth substrates. Interestingly, Bae et al. demonstrated that a soft tip coating added to a micropatterned fibrillar array improved adhesion to skin, i.e. a compliant and rough surface. 31 However, the underlying adhesion mechanism of composite fibrils on rough substrates is only poorly understood.
The objective of this work is to evaluate the potential of composite fibrils as a new design concept for adhesion to rough and smooth substrates. As model structures, single macroscopic composite pillars were fabricated in a two-step molding process with a systematic variation of soft layer thickness, Young's modulus ratio, and interface curvature. The influence of these design parameters on adhesion performance and observed detachment events was assessed experimentally. As a result, composite pillars with hemispherical interface, thin soft tips and high Young's modulus ratio were identified as promising candidates to enhance adhesion to rough substrates.
MATERIAL AND METHODS

Fabrication of Composite Pillars.
Composite pillars with macroscopic dimensions in the mm range were fabricated using a twostep molding process as illustrated in Figure 1 . The pillars consisted of a relatively stiff stalk of poly(ethylene glycol) dimethacrylate (PEGdma, Polysciences, Warrington, PA, USA; Young's modulus of about 350 MPa) or polydimethylsiloxane (PDMS, Sylgard 184, Dow Corning, Midland, MI, USA; Young's modulus of about 2 MPa). The softer tip layer consisted of polyurethane Polyguss 74-41 (PU, PolyConForm GmbH, Duesseldorf, Germany) with a Young's modulus of about 900 kPa. Thus, composite pillar structures with a Young's modulus ratio of stiff to soft of about 350 and 2, and two interface geometries, flat and hemispherical (with a curvature radius half the diameter), were generated. As control samples, pillars consisting entirely of PU were manufactured.
In the first step of composite fabrication, stalks were replicated using a custom-made aluminum mold as shown in the optical micrograph in Figure 1a . The resulting stalks had a diameter of 2 mm, a height of 4 mm, and either a flat or a hemispherically shaped face with radius 1 mm. The manufacturing process varied for the two materials. The PDMS prepolymer (10 weight parts of the base to 1 weight part of the curing agent) was degassed under vacuum for 5 min at 2000 rpm in a SpeedMixer (DAC600.2 VAC-P, Hauschild Engineering, Hamm, Germany). It was then filled into the mold, degassed for 10 min, and cured at 125°C for 20 min on a heating plate. In the case of PEGdma, 0.5 wt % of the photoinitiator 2-hydroxy-2-methylpropiophenone (Sigma-Aldrich, St. Louis, MO, USA) was added to the prepolymer. Subsequently, 1 wt % of 2-aminoethyl methacrylate hydrochloride (Sigma-Aldrich, St. Louis, MO, USA) was added to enhance the adhesion of PU on PEGdma. The liquid mixture was poured into the mold, exposed to nitrogen for 20 min, and then UVcured for 300 s using a UV lamp (Omnicure S1500, Excelitas Technologies, Waltham, MA, USA).
The soft layer was added to the pillar in the second molding step (Figure 1b) : The PU prepolymer solution was mixed under vacuum for 2 min at 2000 rpm in a SpeedMixer. The PDMS stalks required activation with oxygen plasma for 2 min at 60% power (PICO plasma system, Diener electronic, Ebhausen, Germany) prior to this second step to enable covalent bonding of PU to the PDMS. The PU prepolymer was applied at the free end of the pillars and degassed for 2 min. Afterward the excess polymer was removed with a razor blade and the mold was subsequently covered with a smooth Teflon film glued onto a glass slide. To realize different thicknesses of the soft tip, spacers with different thickness were inserted at the back end. The PU 
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2.2. Adhesion Experiments. Adhesion experiments were performed using a custom-built, slightly modified setup (Figure 2a ) following the work of Kroner et al. 32 A nominally flat glass substrate cut from a soda lime glass microscope slide (Marienfeld, LaudaKonigshofen, Germany) was used as a probe. The glass substrate exhibited two differently rough areas both of which were used for the adhesion tests (Figure 2b ): region 1 (designated as "smooth") exhibited a mean absolute roughness R a = 0.006 μm, and a mean peakto-valley profile roughness R z = 0.041 μm, while for region 2 (designated as "rough"), R a = 0.271 μm and R z = 2.174 μm obtained from surface profilometer measurements (DekTak, Bruker, Billerica, MA, USA). Roughness power spectra (Figure 2c ) of both substrate regions were calculated by Surface Topography Analyzer developed by Lars Pastewka (http://contact.engineering/) 33 based on AFM topography scans (JPK instruments AG, Berlin, Germany). Both regions were on the same substrate and were used for testing without changing the initial alignment performed on the smooth region of the substrate.
Normal forces were recorded with a load cell (3 N, TedeaHuntleigh 1004, Vishay Precision Group, Basingstoke, UK). Before each measurement, the substrate was cleaned with ethanol. A camera and a prism, mounted below the sample, were used to optically align the specimen and the substrate and to observe the contact area between the pillars and the substrate in situ. Upon adhesion measurements, samples were sectioned in axial direction and the thickness of the soft tip layer was measured in an optical microscope (Eclipse LV100ND, Nikon, Alzenau, Germany) with an accuracy of ±10 μm.
In the adhesion experiments, specimen and substrate were brought together until a maximum force, corresponding to compressive preloads between 30 and 180 mN, was reached. After a hold time ranging from 0 to 120 s, the specimen was withdrawn until it detached from the substrate. The measurements were repeated at two different positions on each of the two substrate regions (smooth and rough). For the PEGdma/PU and PDMS/PU composites, the effective elastic moduli of the pillars varied over 2 orders of magnitude. As a result, the applied force rate in adhesion tests varied dramatically. To keep the force rate similar for all samples, the following test velocities were chosen: For PDMS/PU composites and the PU control pillars, experiments were conducted at 10 μm/s. For PEGdma/PU composites, experiments were performed at 2 μm/s. Thus, the force rate was about 10 mN/s and comparable for all tested structures.
For the analysis, the recorded force and displacement values were transformed into nominal stress, σ, and displacement, Δ. We accounted for the deformation of the setup by a correction of the displacement with the previously measured machine compliance (C = 0.12 μm/mN). Pull-off stress values were determined from the maximum tensile force, divided by the nominal contact area.
RESULTS
The macroscopic composite pillars fabricated by the technique described above are shown in Figure 1 . Flat and hemispherical (curvature radius about 1 mm) interfaces, with soft PU layers in the range between 20 and 500 μm, were successfully generated. The actual soft layer thickness, t, were determined upon adhesion measurements and showed some variation due to slight material shrinkage during the cross-linking reaction. For PEGdma/PU composites, manufacturing difficulties occurred for tip thicknesses below 120 μm and, therefore, no measurements were performed for those parameters. As a control structure, conventional pillars with the same dimensions made entirely from PU were used.
In a first step, the adhesion characteristics of conventional pillar structures are reported. Figure 3 shows that their adhesion to the smooth substrate was always higher than to the rough substrate: for small preloads (about 50 mN), the pull-off stress was about 25 kPa for the smooth substrate and about 10 kPa for the rough substrate, corresponding to a ratio of about 2.5. This behavior is in line with a recent study by Barreau et al. 10 Unlike smooth substrates, rough substrates gave significantly higher adhesion after applying higher preloads or after longer hold times (Figure 3) . Thus, for high preloads (about 150 mN), the ratio decreased to 1.5 for 0 s hold time and to about 1.2 for 120 s hold time. These findings very likely reflect the viscoelastic nature of PU that produces an increase in contact area by material relaxation over time.
The pull-off stress of the composite pillars as a function of the soft layer thickness is shown in Figure 4 for two distinct force ranges: low preloads with 50 mN and high preloads with 150 mN. Figure 4a and b illustrate the results for composites with a flat interface: On the smooth substrate, the pull-off stress increased with decreasing soft layer thickness up to a maximum pull-off stress of about 55 kPa (for PDMS/PU composites) and 60 kPa (PEGdma/PU composites); these values are about twice those for the PU control specimen (Figure 4a ). The Young's modulus ratio had an influence on the critical thickness, at which the maximum adhesion value was achieved. The critical thickness was about 250 μm for E 1 /E 2 = 350 and about 120 μm for E 1 /E 2 = 2. With higher preloads, the adhesion of the composites increased slightly (dashed lines). In contrast, the adhesion of the composites with a flat interface on the rough substrate (Figure 4b ) was similar to that of the PU control and insensitive to the Young's modulus ratio as well as the soft layer thickness. Only for high preloads (150 mN) was a strong increase in pull-off stress, by a factor of 2, observed. Figures 4c and d illustrate the pull-off stress of the composites with hemispherical interface under small and high preload. On the smooth substrate, adhesion was similar for both preloads whereas it increased with preload for the rough substrate. For both substrates, it was found that the pull-off stress continuously increased with decreasing layer thickness. Particularly for very thin soft layers (t = 30 μm), the value of about 75 kPa was similar on the smooth and rough substrate and, therefore, much higher than for the PU control sample. Thus, we obtained an increase in pull-off stress, over conventional pillars, of about three times on the smooth substrate ( Figure 4c ) and about five times on the rough substrate (Figure 4d) . 
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In the adhesion tests, three distinct detachment mechanisms as a function of the soft layer thickness, elastic modulus ratio and interface curvature could be identified ( Figure 5 ):
(i) Edge crack detachment: The crack was initiated at the edge of the pillar and propagated spontaneously through the contact area ( Figure 5a ). All composite pillars with thick soft layers (t ≥ 250 μm for PEGdma/PU and t ≥ 120 μm for PDMS/PU), composites with flat interface, E 1 /E 2 = 2 and thinner soft layers as well as all conventional pillars exhibited this mechanism. (ii) Fingerlike crack propagation: Several cracks initiated at the edge and slowly propagated toward the center (Figure 5b ). Composites with flat interfaces, E 1 /E 2 = 350 and thinner soft layers displayed this mechanism. (iii) Center crack delamination: A circular crack initiated at the center of the pillar and slowly propagated toward the edge until fast detachment started upon reaching a critical loss in contact area. The crack covered more than 40% of the original contact area (Figure 5c ). Composites with hemispherical interfaces and thinner soft layers displayed this behavior. Interestingly, edge crack detachment was always spontaneous and resulted in detachment directly upon crack initiation within a few seconds. In contrast, fingerlike and center cracks propagated more slowly; the time for the complete detachment could be controlled by the pulling velocity of the displacement controlled setup and ranged from about 10 to 15 s (at 2 μm/s) to 2 to 3 s (at 10 μm/s). The different crack types can be distinguished by inspecting the derivatives of their respective force−displacement curves where crack initiation and propagation corresponds to characteristic drops in stiffness ( Figure  5d ). The initial stiffness of the pillars correlates with the soft tip layer thickness and is highest for the thinnest tip. Overall, crack initiation resulted in a significant drop in stiffness (see points I, III, and V in Figure 5d ) and directly to detachment in case of edge cracks (point II). A less pronounced decrease in stiffness upon crack initiation relates to stable crack propagation driven by further withdrawal of the pillar structure. Unlike edge cracks, the center and finger cracks were not immediately unstable. The transition from edge to finger or center crack with decreasing soft tip thickness was similarly observed on the smooth and the rough substrates.
Similar to conventional pillars (Figure 3 ), extended hold times yield higher pull-off stress for all composite pillars ( Figure  6 ). The magnitude and rate of increase of the hold time effect were significantly higher for rough substrates and varied with tip layer thickness, the Young's modulus ratio and the interface curvature. Upon contact to the rough substrate, local stresses at the pillar faces induced by surface asperities decreased with time due to viscoelastic material relaxation. In addition, the contact area most likely increased. Hence, reduced local strains and larger contact areas led to higher pull-off stresses as shown in Figure 6 . The data obtained from the hold time experiments were fitted using an equation that phenomenologically describes viscoelastic material relaxation. Thus, the pull-off 
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where σ 0 is the initial pull-off stress at τ = 0 s, σ ∞ is the maximum pull-off stress for infinite hold times, Δσ = σ ∞ − σ 0 and τ 0 is the characteristic relaxation time. The fitting parameters were calculated using a nonlinear regression model in Matlab (MathWorks, Ismaning, Germany) based on the Marquardt−Levenberg algorithm. 34, 35 All fit parameters can be found in Supporting Information Tables S1 and S2. For the smooth substrate, the increase in Δσ was small (2 to 5 kPa) for all samples, signifying that adhesion did not significantly depend on hold time (Figure 6 ). For the rough substrate, in contrast, longer hold times resulted in higher values of Δσ. Composites with thick soft tip layers, irrespective of interface curvature, exhibited a value of Δσ ≈ 7 kPa similar to the value found for the PU control. For thinner tip layers, a strong increase in Δσ was observed, rising up to 24 kPa for PDMS/PU composites (with hemispherical interface and 30 μm thick tip) or 32 kPa for PEGdma/PU composites (hemispherical, 120 μm). Figure 7a displays that σ ∞ /σ 0 , i.e. the relative increase in adhesion, was higher for thinner soft layer thickness and higher Young's modulus ratio. For PEGdma/PU composites with hemispherical interface the maximum time-related adhesion ratio was about 6, which is four times higher than for the PU control (σ ∞ /σ 0 = 1.6 ± 0.2) and the PDMS/PU composites with hemispherical interface (σ ∞ /σ 0 = 1.7 ± 0.3). For composites with flat interface, the ratio increased from 2 to 4 with smaller tip thickness, but decreased again after a threshold thickness. To assess how fast viscoelastic relaxation occurred, we compared the gradients of σ(τ), i.e. the first derivative of the fit equation (eq 1) at τ = 0 s, which equals Δσ/τ 0 . Figure 7b shows that the rate is similar or higher, for all composites, when compared to the PU control, suggesting that composite pillars adapt faster to rough substrates. Furthermore, the rate increased with thinner soft tip thickness, but did not vary systematically for the different pillar compositions. The considerable scatter of the values is most likely caused by the strong variation of τ 0 obtained from the fits (see Supporting Information Tables S1 and S2).
DISCUSSION
The results presented in this paper showed that pull-off forces of composite pillars can significantly exceed the values of conventional pillar structures. The adhesion was found to be affected by interface geometry, material combinations and variations in preload as well as hold time. A particularly significant result was that composite pillars exhibited similar adhesion values to both smooth and rough substrates, while the adhesion dropped by more than 50% for conventional pillars.
In the pull-off experiments, the adhesion of composites to the smooth substrate was increased by reducing the soft tip thickness (Figure 4 ) in accordance with a similar concept recently presented by Minsky and Turner. 30 In addition, numerical simulations revealed that the stress distribution along the pillar−substrate interface dramatically varied with the soft layer thickness, Young's modulus ratio, and materials interface curvature as shown in Supporting Information Figure S1 . 
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Particularly, the stresses at the center of the fibril increased with decreasing soft layer thickness, i.e., increasing confinement. Hence, the propensity for edge crack detachment (as always observed for the PU control) decreased and a transition to other crack forms was observed. The distinct crack types depend on the interface geometry and elastic modulus ratio ( Figure 5 ).
For flat interfaces, finger crack detachment with an undulating crack front was initiated close to the perimeter and subsequently propagated toward the center of the contact for high elastic modulus ratio (Figure 5b ) and edge crack for the lower elastic modulus ratio. Finger cracks were frequently reported in pull-off tests on confined viscoelastic layers such as pressure sensitive adhesives or other thin soft films. 36, 37 It was also demonstrated that fingering instabilities in thin, soft layers 
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Research Article are caused by the viscoelastic properties of the material. 38−40 Indeed, the shape of the crack front forms such that the compliance of the layer is maximized for the current contact area and displacement. 41 Theoretical arguments are in agreement with the observed transition from edge to finger cracks for thinner soft layers: Webber et al. calculated the energy release rate as a function of the confinement, which is analogous to the ratio of the pillar radius to the tip layer thickness in our study. 41 Based on their results, one can distinguish between spontaneously propagating edge cracks (energy release rate always higher than the critical energy release rate) and controlled crack propagation of finger cracks (energy release rate always lower than the critical energy release rate). The critical value of the confinement for a rigid punch 41 is about 0.45 and, thus, much smaller than our values obtained for the transition, which are about 4 and 7 for the PEGdma/PU and PDMS/PU composites, respectively. We assume that the increase in the critical confinement value is due to the reduced Young's modulus of the stalk materials compared to the rigid glass punch used in the work of Webber et al.
For hemispherical interfaces (and thin soft layers), detachment occurred at the center of the contact under the high stress concentrations there (Supporting Information Figure S1 ), leading to a circular crack front propagating toward the edge (Figure 5c ). Similar detachment mechanisms have been reported for mushroom structures by Miccichéet al. 42 and Heepe et al. 43 Also in these studies, the tip geometry modification reduced the propensity for edge cracks induced by corner stress singularities, while a transition to center cracks was induced. 44−46 A more detailed numerical study on the interfacial stress distribution and, in particular, on the intensity of the corner stress singularities as a function of the composite design parameters is currently underway. 47 In addition to the variation of the interfacial stress distribution, reduced pressure inside the cavities upon center crack formation might contribute to the adhesion. However, a pressure difference would require perfect sealing at the contact area to avoid gas flow. On the rough substrate, such a sealing would be difficult to obtain. It is, therefore, very interesting that the adhesion of composite pillars with hemispherical interface and particularly thin tips exceeded the adhesion of composites with flat interfaces and conventional pillars. The higher adhesion probably results from larger contact areas that were most likely induced by the high center stresses under compressive preloads, which translate into high center stresses in tension during detachment. Such stresses are more beneficial than high stresses at the perimeter in case of conventional pillars (or thick tips) due to edge stress intensities.
In addition to interface geometry, the preload and hold time had a significant impact on the adhesion to rough surfaces, which is in accordance with previous reports. 8, 48 Higher preloads enforce the conformation of the pillar faces to the asperities of the substrate topography. Longer hold times most likely reduce local stress concentrations at the pillar faces based on material relaxation. The different material combinations revealed that composite pillars with high Young's modulus ratio and thin tips adapted more quickly to rough substrates as expressed by the highest pull-off stress ratio σ ∞ /σ 0 . Again, the stress concentration at the center of the contact area most likely enforces the best adaption to the rough substrate in short hold times. These findings have implications for many areas were dry adhesives can be applied, particularly when objects exhibit microscale roughness in conjunction with short cycle times, as is the case, e.g., in pick-and-place technologies.
CONCLUSION
We presented a detailed study on composite pillars that overcome previous limitations in adhesion to rough glass substrates. For the first time, a systematic variation of structure parameters such as soft tip layer thickness, Young's modulus ratio, and interface geometry was experimentally performed and analyzed in relation to parameters such as surface roughness, preload, and hold time. The following conclusions can be drawn:
• Composite pillars improved adhesion to the smooth and rough substrates by a factor of 3 and 5 compared to conventional pillar structures made from a single material.
• To take advantage of this effect, composite structures should exhibit thin soft tips atop a stiffer stalk. Curved material interfaces were found to be beneficial compared to flat interfaces as high center stresses enforce the adaption to surface asperities and, therefore, result in higher adhesion.
• The edge crack detachment due to sharp corners of the pillars undergoes a transition to center crack (hemispherical interface) or finger crack (flat interface) below a critical tip layer thickness that depends on the Young's modulus ratio.
• Preload and hold time have a strong impact on adhesion of the composite pillars to the rough substrate but affect only slightly the adhesion to the smooth substrate. For the rough substrate, the pull-off stress ratio between infinite and zero seconds hold times as well as the rate to adapt to the surface topography are highest for the composite pillar with hemispherical interface and Young's modulus ratio of 350. We believe that these results are particularly relevant for the design of fibrillar adhesives suitable for applications in the presence of surface roughness.
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